This review covers recent advances in our knowledge of the role of a group of the most prominent neurotransmitters and neuromodulators in the field of the immune reactions of the body. The neurotransmitters and neuromodulators covered are the three catecholamines (epinephrine, noradrenaline and dopamine), serotonin, acetylcholine (both nicotinic and muscarinic functions), and histamine.
Introduction
Research over the last few years has revealed the rather unexpected range of the involvement of familiar neurotransmitters and neuromodulators in many cellular functions of the immune system. White blood cells (WBC) both synthesize and export neuromodulators, and bear receptors for neurotransmitters synthesized elsewhere on their plasma membranes. In the nervous system there are two main types of neurotransmission. 1) Those involving specific contacts mediated by boutons termineaux between axons and cell bodies (e.g. as in the glutamate, GABA and acetylcholine systems); and 2) non-specific volume transmission mediated by boutons-en-passage, that activate any of their specific receptors in the vicinity (e.g. as in the catecholamine and serotonin systems). In the immune system there are an instances of direct contacts between sympathetic and parasympathetic nerve terminals and immune cells. Much evidence from various fields has revealed multiple channels of communication between the brain and the immune system. The centrifugal neural pathway, by which the brain modulates immunity, the noradrenergic sympathetic innervation of the primary and secondary lymphoid organs plays a prominent role. In addition to the presence of beta-and alpha-adrenergic receptors on different types of immunocompetent cells, histological studies have demonstrated direct contact between tyrosine-hydroxylase-positive nerve terminals and lymphocytes in the spleen and thymus [1] . This review will, however, focus on the large system of contacts between freely moving white cells and their target modulators/receptors mediated by volume transmission.
Catecholamines
Catecholamines (E, NE and DA) are involved in white blood cell (WBC) activity in various ways.
1) WBCs carry on their external membranes CA receptors that respond to ambient levels of catecholamines. For example, anxiety raises blood levels of NE that stimulates reactive oxygen species (ROS) formation in monocytes [2] . This process is mediated by NF-kappaB [3] . A number of dopamine receptors (D 2-5) have been detected on WBC, particularly B cells and NK cells (high), neutrophils and eosinophils (moderate), and T-lymphocytes (low) [4] . Macrophages have both alpha 2 and beta 2-adrenergic receptors that exert a mutually antagonistic cross-feedback function on H 2 O 2 and superoxide release [5] . Lymphocytes carry beta-2 adrenergic receptors [6] . Eosinophils carry beta-adrenergic receptors coupled to adenylate cyclase [7] . Lymphocytes have alpha and beta adrenergic receptors that modulate tritiated thymidine uptake [8] .
2) Catecholamines (E), have been detected inside leukocytes, (T-cells, monocytes). The synthesis of catecholamines is promoted inside phorbol activated T-and B-lymphocytes (but not, the authors claim, macrophages) by means of protein kinase C-dependent induction of tyrosine hydroxylase. This process was inhibited by coincubation with DA (but not E or NE) acting on DA1 [9] . Brown et al. [10] studied catecholamine synthesis and release in the RAW264.7 macrophage cell line. Although catecholamines were low in unstimulated cells, they found activation with lipopolysaccharide-induced tyrosine hydroxylase (TH) mRNA and increased extracellular norepinephrine and intracellular dopamine within 48 hours. The catecholamine synthesis inhibitor alpha-methyl-paratyrosine decreased extracellular norepinephrine levels, suggesting release and rapid turnover of newly synthesized norepinephrine. Cosentino et al. [11] report detecting catecholamines in various WBC including lymphocytes, monocytes and granulocytes. Levels were reduced by inhibiting tyrosine hydroxylase and by reserpine. Inhibition of intracellular CA production in human PBMC promotes cell survival through reduction of activationinduced apoptosis, and dopaminergic modulation of TH expression [12] . Both thymic lymphoid and non-lymphoid cells, including epithelial cells and macrophages, have been demonstrated to express tyrosine hydroxylase (TH), and form a local non-neural catecholaminergic cell network involved in the fine tuning of T-cell development [13] .
3) Epinephrine interestingly attenuates the binding of certain leucocytes to a marginal pool constituted by the endothelial membrane, thus increasing blood levels of the cytotoxic leukocyte as a rapid response to invading pathogens [14] .
4) Miscellaneous functions Dopamine stimulates expression of the human immunodeficiency virus type 1 via NF-kappaB in peripheral blood mononuclear cells (PBMC) [15] . 1999). Grisanti et al [16] report a unique synergistic pro-inflammatory response mediated through a beta(1)-AR cAMP-dependent mechanism in lipopolysaccharide (LPS)-challenged monocytic cells. Beta2-adrenoceptor stimulation inhibits advanced glycation end products-induced adhesion molecule expression and cytokine production in human PBMC [17] . Norepinephrine inhibits energy metabolism (oxygen consumption) of human peripheral blood mononuclear cells via adrenergic receptors [18] . Catecholamines induce interleukin-10 (IL-10) release in patients suffering from acute myocardial infarction by transactivating its promoter (cAMP, PKA dependent) in monocytes, but not in T-cells ( [19] . Beta-adrenergic agonists induce a shift in the human type-1/type-2 cytokine balance toward a type-2 response [20] . Acute sympathetic activation by adrenaline infusion, short-term exercise, or psychological stress also causes a selective increase in circulating CD56+ or CD57+ lymphocytes, which are rich in betaadrenergic receptors. The results of several studies suggest that adrenaline-induced changes in beta-adrenergic receptors and the redistribution of leukocyte subsets may be linked. Beta-adrenergic receptors may mediate immuno-modulatory effects by causing selective cell mobilization [21] .
Lymphocytes have dopamine D2 ad D4 receptors [22] and can synthesize catecholamines (E, NE and DA) and their synthesis levels may increase in the activated state, and endogenous catecholamines synthesized by the lymphocytes can regulate the function of the lymphocytes themselves [23] . Peripheral human T lymphocytes contain and are able to synthesize CA from normal precursors in physiologic concentrations [24] .
Serotonin
Macrophages have serotonin receptors [25] and lymphocytes have 5HT1A receptors [26] . Eosinophils have serotonin 2A receptors involved in chemoattraction [27] . Macrophages possess a specific, active, 5HT uptake system and rapidly metabolize 5HT to its 5-hydroxyindole acetic acid metabolite [28] . Recent advances have implicated serotonin in the immune system as a regulator of inflammation, proliferation, regeneration, repair, and tumor biology. Mossner and Lesch [29] review four major functions for 5-HT on the immune system. These include T cell and natural killer cell activation, delayed-type hypersensitivity responses, production of chemotactic factors, and natural immunity delivered by macrophages. In the presence of low concentrations of interferon-gamma (IFN-gamma), 5-HT augments phagocytosis, whereas at high concentrations of IFN-gamma, 5-HT suppresses phagocytosis. There is functional evidence that at least part of the modulation of IFN-gamma-induced phagocytosis by 5-HT occurs through a 5-HT receptor-mediated mechanism, and 5-HT, dopamine, and histamine modulate IFN-gamma-induced phagocytosis independently through their respective receptors [30] . Serotonin activates murine alveolar macrophages through 5-HT2C receptors and calcium release [31] . Orally administered tryptophan enhances the phagocytic response and detoxification of superoxide anion radicals derived from this immune function in the peritoneal macrophages of rats, very probably through its conversion to the immunoregulatory molecules, serotonin and melatonin [32] .
Peritoneal macrophages express the serotonin transporter [33] . Serotonin can upregulate the activity of peritoneal macrophages through 5-HT(1A) receptors [34] . Serotonin does not enhance tumor cell proliferation, but acts as a regulator of angiogenesis by reducing the expression of matrix metalloproteinase 12 (MMP-12) in tumor-infiltrating macrophages, entailing lower levels of angiostatin-an endogenous inhibitor of angiogenesis. Accordingly, serotonin deficiency causes slower growth of colon tumors by reducing vascularity, thus increasing hypoxia and spontaneous necrosis [35] . In alveolar macrophages serotonin significantly inhibits the production of tumor necrosis factor (TNF) and interleukin (IL)-12, whereas IL-10, NO and PGE(2) production are increased. These results suggest that serotonin alters the cytokine network in the lung through the production of prostaglandin E (2) (PGE(2)) [36] . Intracellular 5-HT is necessary for optimal synthesis of IL-6 and TNFalpha; 5-HT in physiological concentrations may increase IL-6 and TNFalpha production by stimulating 5-HT(2) receptors; and extracellular 5-HT concentrations above the baseline physiological levels may suppress the production of the above cytokines [37] .
Agents postulated to act via phospholipase C, e.g. serotonin, augment the production of hydrogen peroxide. Agents known to increase the intracellular levels of cyclic AMP, e.g. adrenalin and PGE2, reduce the hydrogen peroxide production. Insulin, which is known to decrease cyclic AMP levels, produces opposite results [38] . Serotonin is important for optimal T-cell activation and in macrophage accessory function for T-cell activation [39] . Extensive recent reviews of the highly complex and extensive role serotonin in T-cell activation and function have been published by Ahern [40] and by Pacheco, Riquielme and Kalergis [41] .
Acetylcholine (Nicotinic)
Wessler et al. [42] have presented a review of the extensive phylogenetic range of acetylcholine (ACh) in biological tissues. ACh has been detected in bacteria, algae, protozoa, tubellariae and primitive plants, suggesting an extremely early appearance of ACh in the evolutionary process. In humans, ACh and/or the synthesizing enzyme, choline acetyltransferase, has been demonstrated in epithelial cells (airways, alimentary tract, urogenital tract, epidermis), mesothelial (pleura, pericardium) and endothelial and muscle cells. In addition, immune cells express the non-neuronal cholinergic system. Several nicotinic cholinergic receptor subtypes have been characterized in B and T lymphocytes, monocytes, macrophages, and dendritic cells [43] . Acetylcholine is predominantly pro-inflammatory for lymphocytes and epithelial cells, anti-inflammatory for mast cells and macrophages, both pro-and anti-inflammatory for monocytes, and variable in neutrophils and eosinophils [44] . Cholinergic mechanisms also play an important role in inflammation through endogenous acetylcholine.
Nicotine activates cholinergic anti-inflammatory pathways. New concepts of reciprocal interactions between nicotine and serotonin are emerging. Inflammatory molecules produced by damaged tissues activate afferent signals through ascending vagus nerve fibers, which act as the sensory arm of an "inflammatory reflex". The subsequent activation of vagal efferent fibers, which represent the motor arm of the inflammatory reflex, rapidly leads to acetylcholine release in organs of the reticuloendothelial system, including the spleen, liver, and gastrointestinal tract. Here acetylcholine interacts with α7 subunitcontaining nicotinic receptors in tissue macrophages and other immune cells, which inhibits NF-kappaB nuclear translocation and rapidly inhibits the synthesis/release of tumor necrosis factor-α and other inflammatory cytokines by monocytes and macrophages [45] [46] [47] [48] . Monocytes have alpha7 nicotinic acetylcholine receptors that inhibit the production of proinflamatory cytokines by suppression of IkB phosphorylation and nuclear factor-kB transcriptional activity [49] . The cholinergic anti-inflammatory pathway, which acts through the macrophage α7-nicotinic acetylcholine receptor (α7nAChR), is important in innate immunity, in obesity-induced inflammation and insulin resistance [50] . Up-regulation of IL-10 production by auto/paracrine ACh is mediated predominantly through alpha7 nAChR [51] . Monocytes have nicotinic ACh receptors that are involved in the synthesis of C2, the second component of complement [52] . Eosinophils have anti-inflammatory alpha-3, -4 and -7 nicotinic ACh receptors that down regulate eosinophil activity [53] .
Stimulating the 5-HT(4)R accelerates acetylcholine (ACh) release from cholinergic myenteric neurons, which subsequently activates α7nAChR on activated monocytes/macrophages to inhibit their inflammatory reactions in the muscle layer [54] . In contrast, the nAChRα1 receptor is an important regulator of calpain-1 activation and inflammation in a new proinflammatory pathway [55] . Rat alveolar monocytes are equipped with modulatory nACh receptors with properties distinct from the ionotropic nACh receptors that mediate synaptic transmission in the nervous system. Their stimulation with nicotine dampens ATP-induced Ca 2+ -release from intracellular stores [56] .
Acetylcholine (Muscarinic) Granulocytes and monocytes have stereospecific muscarinic ACh receptors [57] . Neutrophils have muscarinic ACh receptors involved in airway function [58] . Eosinophils have muscarinic receptors that modulate intestinal inflammation [59] .
Macrophages, expressing functional muscarinic acetylcholine receptors, are able to proliferate in vitro in response to the muscarinic agonist carbachol. These peritoneal cells can use two distinct signaling pathways: 1) by activating arginase producing high levels of prostaglandin E(2) via M(1)-M(3) receptors activation; and 2) by triggering protein kinase C activity and inducing moderate prostaglandin E(2) liberation via M(1) receptor activation [60] .
Viral infections increase acetylcholine release and potentiate vagally-mediated bronchoconstriction by blocking inhibitory M(2) muscarinic receptors on parasympa-thetic neurons. TNF-α is a key mediator of THIS virusinduced M(2) muscarinic receptor dysfunction and airway hyperresponsiveness [61] .
Histamine
The role of histamine-containing basophils in immune reactions (previously somewhat neglected) has been extensively reviewed by Schneider, Wedner, De Moraes and Dy [62] . They summarise their main findings as follows. These cells modulate TH responses through their capacity to generate large amounts of cytokines with pro-TH2 functions (IL-4, IL-13 TSLP, IL-25). They also contribute to immunoglobulin synthesis and class switching, angiogenesis, autoimmunity, tumor immunity and hematopoiesis by producing cytokines such as IL-6, VEGF, GM-CSF and IL-3.
Microglia
Microglial cells are the immune-competent elements of the brain. They not only express receptors for chemokines and cytokines, but also for neurotransmitters such as GABA, glutamate, adrenaline ad dopamine [63] . Dopamine receptors trigger the inhibition of the constitutive potassium inward rectifier and activate potassium outward currents in a subpopulation of microglia. Chronic dopamine receptor stimulation enhances migratory activity and attenuates the lipopolysaccharide (LPS)-induced nitric oxide (NO) release as does stimulation of adrenergic receptors. While, however, noradrenaline attenuates the LPS-induced release of TNF-alpha and IL-6, dopamine is ineffective in modulating this response. Catecholamines (E, NE and DA) have been shown to block nitric oxide production by microglia [64] .
Conclusions
It is of interest that the conservative forces of evolution have utilized many of the same molecules for information transfer and control in the nervous and in the immune systems, and have imbued the reactions in which they are engaged with ever increasing complexity, speed and efficiency.
